The hypermetabolic stress response to severe burn is characterized by persistent muscle weakness, tachycardia, early fatigue with normal activity, growth arrest, loss of lean body mass, and muscle wasting. [1] [2] [3] [4] [5] [6] A prolonged hypermetabolic response keeps burn patients debilitated and severely limits their rehabilitation. It has been shown that protein synthesis and breakdown are stimulated in human muscle after severe burn, with protein breakdown exceeding synthesis. [7] [8] [9] Adequate nutritional support, with additional protein and amino acid intake increased several times higher than normal requirements, has failed to compensate for the protein breakdown in muscle after a severe thermal injury. 10 Increased activity of several protein breakdown pathways has been identified, the most prominent being an increase in expression and activity of the ubiquitin-proteasome pathways. 11, 12 Pharmacologic agents have been used after trauma to stimulate growth and increase muscle mass and strength. We have used several anabolic agents to diminish muscle catabolism in burn patients. Insulin has been shown to be beneficial in protein metabolism, primarily by stimulating protein synthesis. 13, 14 Recombinant human growth hormone and IGF-1-BP3 have also shown efficacy in improving muscle protein kinetics and wound healing in severely burned children. [15] [16] [17] Testosterone can increase protein synthesis, but there are risks of virilism and hepatotoxicity. 18 Anabolic steroids have been used to restore lean body mass and muscle loss as a consequence of starvation and more recently severe thermal injury, trauma, or HIV and chronic infections. 19 -21 Oxandrolone, a synthetic analog of testosterone, is being studied as an adjunctive therapy to facilitate weight gain after surgery, chronic infections, and severe trauma. Oxandrolone has been used to enhance protein synthesis and lean muscle mass in burned children. 22 It is currently used in the treatment of delayed growth and puberty in patients with Turner syndrome, in patients with AIDS wasting myopathy, 20, 23, 24 and in acute treatment and the rehabilitation of adult burn patients. 17, 25 The purpose of this study was to investigate the effect of oxandrolone on gene expression changes in skeletal muscle of burned children using high-density oligonucleotide arrays and to determine muscle protein kinetics. Patients selected for this study were admitted to our institution at least 7 days after injury and demonstrated signs of acute starvation and had documented weight loss. Oxandrolone was used to blunt weight loss as the treatment of choice.
METHODS

Patients
Fourteen burned children were enrolled in the study. All were between 3 and 18 years of age and admitted to our hospital at least 1 week after burn. The average age was 7.9 Ϯ 1.4 years and the average burn size was 42 Ϯ 5% total body surface area.
Standard Treatment
Within 48 hours after admission each patient underwent total burn wound excision and grafting with 4:1 meshed autograft skin with human homograft overlay, or 2:1 autograft skin. All remaining open areas were covered temporarily with homograft skin. Patients were returned to the operating room after healing of autograft donor sites. Sequential staged grafting procedures were performed until wound closure was completed. During the study period, all patients received total enteral nutrition (Vivonex TEN, Novartis Nutrition, Minneapolis, MN) through a nasoduodenal tube, containing 82.3% carbohydrate, 3% fat (linoleic acid), and 14.7% protein. Daily caloric intake delivered 1,500 kcal/m 2 of total body surface area burned plus 1,500 kcal/m 2 of total body surface area. Enteral nutrition began with admission and continued until wound healing.
Study Design
Burn children were randomized to receive oxandrolone (n ϭ 7) or placebo (n ϭ 7). All underwent stable isotope studies. Figure 1 depicts the schedule protocol. Beginning in the morning, children in the continuously fed state were infused with a prime-constant L-[ring-2 H 5 ]phenylalanine (Cambridge Isotopes, Andover, MA). The initial priming does was 2 mol/kg, followed by a dose of 0.08 mol/kg/ min given intravenously. Phenylalanine is not synthesized or degraded in the peripheral tissues; thus, measurements across the leg reflect net balance of protein synthesis and breakdown. Indocyanine green dye concentration was measured between hours 3 and 4 to determine leg blood flow. Femoral arteriovenous sampling during the fifth hour measured cross-leg phenylalanine balance. Biopsy of the vastus lateralis muscle was taken 2 and 5 hours after the start of infusion. Muscle biopsies for DNA microarray analysis, Western blot analysis, and protein kinetic studies were snap-frozen and stored at Ϫ70°C. Cross-leg amino acid kinetics were calculated according to the three-compartment model described by Biolo et al. 26, 27 Immediately after the second operation, the oxandrolone group received oral oxandrolone at 0.1 mg/kg twice daily. Five days later, a second series of protein kinetic studies were performed. Arterial and venous amino acid concentrations were determined in heparinized plasma at 4 and 5 hours of the isotope infusion study by high-performance liquid chromatography. Figure 1 . Study protocol for burned children admitted at least 7 days after burn who were nutritionally depleted. Initial baseline studies were conducted 5 days after the first operation and muscle biopsies were taken. Patients were treated with placebo or oxandrolone until discharge. Five days after the second operation, protein kinetic studies and muscle biopsies were repeated. 
Oxandrolone-Induced Gene Expression Profiles
Total RNA Extraction
Total RNA was isolated from muscle biopsies by acid guanidinium thiocyanate-phenol-chloroform extraction using TRI Reagent (Molecular Research Center Inc., Cincinnati, OH). This method was based on the single-step method of RNA isolation described by Chomcyzynski and Sacchi. 28 Samples were homogenized in TRI Reagent on ice and total RNA was extracted following the manufacturers' instructions. Purified RNA was quantified by UV absorbance at 260 and 280 nm and stored in 25-g aliquots at Ϫ70°C for DNA microarray hybridization and analyses. The adequacy and integrity of the extracted RNA were determined by gel electrophoresis. Three oxandrolone-treated and one placebo muscle biopsy showed an insufficient quantity of RNA for microarray analysis. These patients were omitted from any further analysis.
High-Density Oligonucleotide Array Analysis
Probe labeling, hybridization, and image acquisition were done according to the standard Affymetrix protocol. Briefly, 25 g purified, total RNA was transcribed into cRNA, purified, and used as templates for in vitro transcription of biotin-labeled antisense RNA. Biotinylated antisense RNA preparation was fragmented and placed in a hybridization mixture containing four biotinylated hybridization controls (BioB, BioC, BioD, and Cre). Samples were then hybridized to an identical lot of Affymetrix Gene Chip arrays (HG-U95 Av2) for 16 hours. The arrays were washed and stained using the instrument's standard Eukaryotic GE Wash 2' protocol and antibody-mediated signal amplification. The images were scanned and analyzed with Affymetrix GeneChip Analysis Suite 3.2. Images from each Gene Chip were scaled and adjusted to an average intensity value for all arrays of 1,500. Scaled average difference values and absolute call data from each Gene Chip were exported to data files and used for statistical analysis. 29 In vitro transcription and chip hybridization were performed in collaboration with the University of Texas Medical Branch Genomic Core Facility.
Data Analysis
Data analysis of genomic data included chip validation, cluster analysis of transcription profiles, identification of genes expressed only in one group, temporal analysis of gene expression at different time points after burn or treatment, and analysis of interaction among groups. The first step in the analysis was to cluster the data to detect gross discrepancies among array data. The degree of similarity or dissimilarity among sample transcription profiles was tested using model-based expression analysis of oligonucleotide arrays. 29 The next step was the elimination of genes that showed little variation across the samples or that were absent in the majority of the samples. The first criterion was that the ratio of standard deviation and the mean of a gene's expression values across all samples was greater than the threshold (of 0.85 and the upper limit of 8). Data were discarded if there was a large deviation in the number of present calls or if the correlation coefficient among samples within the group was less than 0.85. The second criterion required a gene to be called present in more than 80% of arrays at all times. We determined the presence or absence of each probe within the group (according to the Affymetrix algorithm). A probe is present if its absolute call was P for at least two members of the group containing three samples; otherwise, the gene was considered not expressed in the group. The primary goal was to identify genes with significant differences in expression between the test and control group. The within-group average of expression was calculated and comparisons were made between groups. Comparisons were done by computing the expression fold difference for each gene and listing those that showed larger than twofold increase or decreases in activity. An entry was discarded as an outlier when its value was outside three standard deviations. Only the statistically significant differences at P Ͻ .05 were retained. 30 Considering the number of samples per group and its influence on the validity of the analysis, the power of the t test was computed. If it was less than 0.8, results were discarded even when significant. The expression profiles of the skeletal muscle biopsies taken from oxandrolone-and placebo-treated burned children were analyzed. Samples were taken at time point 1 (baseline), before oxandrolone treatment, and at time point 2, after treatment began. By using HG-U95A Affymetrix arrays, about 4,000 genes of 12,000 genes present in the array were expressed. This was in agreement with Affymetrix DNA array analysis of mouse skeletal muscle. 31
Western Blot Analysis
Total protein from the muscle tissue was extracted and 20 g was separated on a 4% to 20% SDS-polyacrylamide gel under reducing conditions and transferred to nitrocellulose membranes (Hybond-C; Amersham Pharmacia Biotech, USA) in a semidry blotting chamber. After blocking nonspecific binding sites with 5% nonfat milk in TBS containing 0.1% Tween-20 (Sigma, St. Louis, MO), blots were incubated in a 1:1,000 dilution of anti-Myf-6 rabbit polyclonal antibody, anti-GADD45 mouse monoclonal antibody (Santa Cruz Biotechnology), antimyosin goat polyclonal antibody (ventricular light chain) (Cortex Biochem, CA), and anti-actin rabbit polyclonal antibody (Sigma) as an internal control, for 2 hours at room temperature. After three to five washings, the blots were incubated with HRP conjugated anti-rabbit IgG, anti-mouse IgG, and anti-goat IgG, respectively (final concentration 1:2,000), for 90 minutes at room temperature. Bound antibodies were detected with ECL Western blotting detection reagents (Amersham Pharmacia Biotech) according to the manufacturer's instructions. This study meets all requirements for exemption from the IND regulation and was conducted in compliance with the requirements for institutional review and informed consent at the University of Texas Medical Branch, Galveston, Texas.
RESULTS
Age, gender distribution, weight, burn size, admission time from injury, and delay to first study were not significantly different between groups ( Table 1) . Comparison of 12,000 genes in burned children receiving placebo or oxandrolone showed increased expression of 11 genes compared to placebo, while the expression of 17 genes decreased (Table 2 ). Thus, 0.18% of the genes were altered in muscle from burned children treated with oxandrolone when compared to placebo.
Gene Expression Patterns
There were 30 genes affected by oxandrolone treatment as determined by DNA microarray analysis. Categories of genes affected were transcription factors, growth factors, and stress response modulators and muscle-associated proteins. We further grouped genes whose expression increased or decreased according to their function and involvement in metabolic pathways. Exemplary genes whose expression was altered in the muscle of burned children treated with oxandrolone are shown in Tables 3 and 4 .
Verification of mRNA Changes
We verified mRNA changes through expression of related proteins by Western blot analyses. Myogenic factor-6 and GADD-45, whose transcription was inhibited by oxandrolone treatment, showed a significant decrease in their protein expression (Fig. 2) . The stimulatory effect of oxandrolone on myosin light chain was verified by a significant increase in protein expression after treatment.
Protein Kinetics
Muscle protein synthesis, presented as nmol phenylalanine min Ϫ1 per 100 mL leg volume, was calculated from a three-pool model of amino acid kinetics. 26, 27 Oxandrolone increased muscle protein synthesis, calculated from the incorporation of labeled phenylalanine into skeletal muscle protein, from a baseline value of 125 to 384 nmol phenylalanine min Ϫ1 per 100 mL leg volume (n ϭ 4) compared to a decrease in muscle protein synthesis from 258 to 189 nmol phenylalanine min Ϫ1 per 100 mL leg volume for placebo (n ϭ 6). The change in net protein balance for placebo- Oxandrolone-Induced Gene Expression Profiles treated burned children was Ϫ50 nmol phenylalanine min Ϫ1 per 100 mL leg volume compared to ϩ146 nmol phenylalanine min Ϫ1 per 100 mL leg volume for oxandrolone treatment.
DISCUSSION
The bulk of muscle protein is made up of myofibrillar components, specifically actin and myosin. Animal studies have shown a decrease in net myofibrillar protein synthesis in response to burn and sepsis. Myofibrillar protein constituted the majority of protein undergoing breakdown, which resulted in net protein loss. Adequate nutritional support with additional protein and amino acid intake several times higher than the normal requirement has failed to completely reverse the net protein catabolism. Increased activity of several protein breakdown pathways has been shown, with the most prominent being an increase in expression and activity of the ubiquitin-proteasome pathways.
In our study, oxandrolone did not change the inward transport of protein but did increase the efficiency of protein synthesis in muscle. With an increase in protein synthesis while protein breakdown remained unchanged, the net balance of protein increased. This supports the hypothesis that the mechanism for improved net protein balance across the leg was the stimulation of muscle protein synthesis. We found no adverse side effects with oxandrolone treatment in children. While the number of patients reported in this study is relatively small, the comparison of gene expression patterns in a paired study design provides evidence that the results are not outliers associated with the large number of gene probes used (12,000-Affymetrix).
We found gene expression changed for 32 genes in males treated with oxandrolone compared to 12 genes for females treated with oxandrolone. In no instance did a gene whose expression changed in males show a change in females. A further dramatic difference is that the expression of only 6 of 32 affected genes in the male pool increased. The majority of the oxandrolone-induced changes here represent repression of transcription. Just the opposite was true of the female pool, where 11 of 12 genes affected by oxandrolone showed activated transcription. A larger number of subjects are needed to validate these differences between males and females; thus, these variations are not presented in the results.
For oxandrolone-treated versus untreated burned children, there was a strong decrease in the expression of a multitude of transcription factors and signaling molecules consistent with a "quenching" effect of the treatment along with stimulation of myosin actin gene expression, which is consistent with the beneficial effects associated with oxandrolone. This would suggest that a component of the benefit provided by oxandrolone treatment is due to its attenuation of the inflammatory response to burns.
GADD45 has been shown to play an important role in stress response processes, typically believed to be robust and prompt but transient. GADD45 is known to stimulate p38-and JNK-mediated cellular commitment to apoptosis. 32 The fact that there was a continued or delayed increase in GADD45 expression would suggest that there are delayed or long-term responses to burn trauma that correlate well with the known consequences on developmental growth following burns. Specifically, this would be in agreement with the hypothesis that GADD45 may play a key role both in early trauma-induced cell death and in tissue remodeling events that occur later in wound healing that may involve apoptosis of activated cells (fibroblasts and macrophages) involved in the inflammatory response. Thus, GADD45 could trigger inflammation as well as be involved in its quenching. Comparison of the gene expression profile in muscle biopsies before treatment and 10 days after treatment with oxandrolone showed a general stimulatory effect significant in the expression of seven genes with a variety of roles. As an example, after 10 days, there was an increase in the expression of acid ceramidase, which plays an important role in NF-B transcription factor activation. The NF-B transcription factor is known to play an important role in stress responses to trauma and the regulation of cytokinemediated expression mediating inflammation and cell death processes. There were also significant changes in the expression of several zinc finger proteins and genes known to be regulated by AP-1-type transcription factors. The involvement of the AP-1/NF-B signal transduction pathways is consistent with the involvement of stress response pathways, which is not surprising in itself. The prolonged nature of the changes may be more specific to severe burn trauma in light of the prolonged metabolic changes.
The effects of oxandrolone treatment on gene expression in burned children compared to untreated patients are perhaps more comprehensive in that a broad category of genes are suppressed by oxandrolone. For example, oxandrolone treatment suppressed the expression of GADD45, which was found to have been stimulated twofold in the untreated burned children. We found a similar inhibitory effect on the expression of the Jun B transcription factor (with a 13-fold decrease), suggesting that while beneficial to wound healing, oxandrolone may not be as beneficial to developmental processes. This is consistent with the marked increased expression of myogenic factor 6, which plays a dual role in early myogenesis and the regeneration of injured skeletal muscle, even though Fos/Jun proteins are involved in the regulation of muscle specific genes in vitro. 33 The participation of a large number of genes critical to inflammation and other stress response signal transduction pathways in response to oxandrolone treatment suggests a mechanism principally consisting of a quenching or amelioration of the stimulation of gene expression resulting from thermal trauma. We feel that alterations in the expression of these selective genes may help identify molecular changes for specific therapeutic and diagnostic purposes.
